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Dynamic Modeling of the Main Blow in Basic Oxygen
Steelmaking Using Measured Step Responses
CAROLIEN KATTENBELT and B. ROFFEL
In the control and optimization of basic oxygen steelmaking, it is important to have an
understanding of the inﬂuence of control variables on the process. However, important process
variables such as the composition of the steel and slag cannot be measured continuously. The
decarburization rate and the accumulation rate of oxygen, which can be derived from the
generally measured waste gas ﬂow and composition, are an indication of changes in steel and
slag composition. The inﬂuence of the control variables on the decarburization rate and the
accumulation rate of oxygen can best be determined in the main blow period. In this article, the
measured step responses of the decarburization rate and the accumulation rate of oxygen to step
changes in the oxygen blowing rate, lance height, and the addition rate of iron ore during the
main blow are presented. These measured step responses are subsequently used to develop a
dynamic model for the main blow. The model consists of an iron oxide and a carbon balance
and an additional equation describing the inﬂuence of the lance height and the oxygen blowing
rate on the decarburization rate. With this simple dynamic model, the measured step responses
can be explained satisfactorily.
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I. INTRODUCTION
TO improve control of basic oxygen steelmaking and
to enable dynamic optimization, the process should be
modeled dynamically. To develop a dynamic model, the
inﬂuence of changes in control variables, such as the
lance height, the oxygen blowing rate, and the addition
rates, on the process should be known. How the
behavior of the process changes with time under the
inﬂuence of changes in control variables can be inves-
tigated using an experimental approach.[1,2] In this
approach, the value of control variables is deliberately
changed. One possibility is to change the control
variables by making a step change and monitoring the
process variable response.
In the literature, little information is published on step
responses in basic oxygen steelmaking.[3–6] It is however
known that an increase in oxygen input, either due to an
increase in oxygen blowing rate[3–5] or due to the
addition of ore,[6] increases the decarburization rate.
Furthermore, Anderson et al.[6] published the delay
between the occurrence of a change in a control variable
such as the iron ore addition rate and a change in
decarburization rate.
In this article, the step response to changes in control
variables is determined experimentally in the ﬁrst
section. Using the measured step responses, a simpliﬁed
process model is developed in Section II. In that section,
the measured and simulated step responses are com-
pared. Finally, the conclusions are summarized.
II. EXPERIMENTAL
Due to the high temperatures and dusty environment
involved in basic oxygen steelmaking, important process
variables such as the steel composition and steel
temperature can not be measured continuously. There-
fore, in most steel plants, indirect measurements, such as
waste gas ﬂow, temperature, and composition, are used
to monitor the process. The decarburization rate and the
accumulation rate of oxygen inside the converter, which
are commonly derived from waste gas measurements,
can be used as an indication of the change in compo-
sition of the steel and the slag, respectively.[7,8] The
decarburization rate dCdt can be given by
dC
dt
¼ /wgðCOwg þ CO2;wgÞ
VM
½1
where /wg is the measured waste gas ﬂow, COwg and
CO2,wg are the measured percentage of carbon monox-
ide and carbon dioxide in the waste gasses, and VM is
the molar volume. The measured accumulation rate of













where dOlancedt is the measured rate at which oxygen is
blown into the converter, dOadditionsdt is the measured rate in
which oxygen in additions enters the converter,
dOwg
dt is
the measured rate at which oxygen leaves the converter
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through the waste gasses, and dOairdt is the measured rate
at which air enters the waste gas system.
It is important that a measured step response accu-
rately describes the inﬂuence of the change in a control
variable. This is easiest during a period in the batch in
which the decarburization rate and accumulation rate of
oxygen remain constant, when no changes in control
variables occur. Boom and Deo[3] describe this period as
the main blow period.
The step changes in lance height, oxygen blowing rate,
and iron ore addition rate occurring during normal
operation in a data set of 1006 batches were determined.
For the measured response in the decarburization rate
and the accumulation rate of oxygen to be attributed to
a certain step change, no other step change in control
parameters should occur before or after the speciﬁc step
change. The time during which no other changes in
control parameters occur is deﬁned as the time for which
that step change is well deﬁned. The number of
observations found of a particular type of step change
depends on the time for which that type of step change is
well deﬁned. For example, if this time is 50 seconds,
then the number of observed step changes in the oxygen
blowing rate is 11. If the time is increased to 60 seconds,
then the number of observations reduces to only 5.
For each type of step change, the time for which this
step change is well deﬁned is selected in such a way that
the number of observations exceeds ten. Details of the
step changes, such as the time for which that step change
is well deﬁned as well as the number of observations and
the average step size, are shown in Table I.
To minimize the inﬂuence of disturbances on the step
response, the step responses of all the observations of
each type of step change were averaged. Normalization
of the step response to zero starting conditions will
make this possible. The average normalized step
responses of the step change in oxygen blowing rate,
lance height, and the addition rate of iron ore on the
decarburization rate and accumulation rate of oxygen
are shown in Figure 1. A decrease in oxygen blowing
rate is not shown in this ﬁgure, because not enough well-
deﬁned steps of this type of step change were present in
the available data set.
III. PROCESS MODEL
The measured step responses can be simulated using a
process model. In basic oxygen steelmaking, reactions
can take place at a number of sites including the slag
foam where reactions take place between the iron
droplets and the oxidizing slag and the hot spot directly
under the oxygen jet.[3]
Meyer et al.[9] have analyzed ejections of slag and
metal emulsions from the tap hole. They have shown
that a substantial portion of the liquid metal is emul-
siﬁed into the slag during the batch. The authors
concluded that at the height of reﬁning most decarbu-
rization occurs within the slag-metal emulsion. It is
therefore assumed that the majority of reaction takes
place at the interface between the iron droplets and the
slag.
Decarburization at the iron droplets in the slag occurs
through a reaction with iron oxide:
Feþ 1=2O2 ! FeO ½3
Cþ FeO! COþ Fe ½4
In the main blow period, mainly carbon and iron are
oxidized. Silicium and titanium have already been
oxidized before this period. If it is assumed that the
oxidation of manganese, phosphorous, and sulfur is
negligible during the main blow, the accumulation rate










 ð1þ pCO2Þ dCreaction
dt
½5
where dFeOdt is the change of iron oxide content in the slag,dFeOlance
dt is the change in iron oxide due to the oxygen
blown by the lance, dFeOadditiondt is the change in iron oxide
due to the additions, pCO2 is the percentage of carbon
dioxide formed, and dCreactiondt is the rate of decarburiza-
tion.
Ghosh[10] has performed experiments in which oxygen
was blown into a small induction furnace ﬁlled with
carbon containing iron. He observed a complete con-
sumption of the supplied oxygen and a continuous






O2 rate increase 50 s 11 2500 (nm
3/h)
Lance up 90 s 43 7 (cm)
Lance down 60 s 14 7 (cm)
Ore start 120 s 247 8 (kg/s)




























































Fig. 1—Inﬂuence of step changes on decarburization rate and accu-
mulation rate of oxygen (experimental).
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breaking and reforming of the oxide ﬁlm. Because no
oxygen was detected in the waste gas, it is assumed that





where VO2 is the measured amount of oxygen blown
through the lance. The amount of carbon in the steel
bath changes due to decarburization and due to the
dissolving of scrap. The model will be used to simulate
the measured step responses, which last at most 120 sec-
onds. It is assumed that the inﬂuence of the dissolving of
scrap on the change in carbon content in the steel can be
neglected for such a short period. It is also assumed that








where Vsteel is the volume of steel in the converter and
[C] is the carbon concentration in the bath.
Several researchers performed experiments in which a
small carbon containing iron droplet was dropped into a
slag.[11–13] They observed that the decarburization rate
increased with increasing temperature, carbon concen-
tration, and iron oxide concentration. It is therefore
assumed that the decarburization reaction is rate limited
and ﬁrst order in carbon and iron oxide:
dCreaction
dt
¼ VsteelAeEaRT ½C½FeO ½8
where A is the frequency factor, Ea is the activation
energy, R is the gas constant, T is the bath temperature,
[FeO] is the iron oxide concentration in the slag, and [C]
is the carbon concentration in the steel.
Because the density of the steel and the slag is diﬃcult
to determine, the reaction rate is calculated using the
molar carbon and iron oxide concentration. Because it is
assumed that the steel volume is constant, it is incorpo-
rated in the constant k0:
dCreaction
dt
¼ k0eEaRT ½C½FeO ½9
where k0 is a reaction rate constant, [FeO*] is the molar
iron oxide concentration in the slag, and [C*] is the
molar carbon concentration in the steel.
The mass and size of iron droplets formed, as well as
the residence time of the droplets in the slag, aﬀect the
reaction surface between the iron droplets and the slag
at which part of the decarburization reaction takes
place. In many excellent studies, detailed models have
been developed to describe the droplet generation rate,
droplet size distribution, and the residence time of the
iron droplets in the slag.[14–19]
He and Standish[14] have shown that the droplet
generation rate is proportional to the oxygen ﬂow rate
and that the maximum droplet production is obtained at
a critical lance height. Above this critical lance height,
the droplet generation rate decreases with increasing
lance height.
Deo and Boom[3] and van der Knoop et al.[15] have
shown that the size distribution of the iron droplets
generated by jet impact can be described using the
Rosin–Rammler–Sperling distribution. The oxygen
blowing rate and the lance height both inﬂuence the
size distribution of the droplets.
Recent studies[17,18] have shown that the residence
time of the iron droplets in the slag highly depends on
the size of the droplets. Subagyo et al.[19] point out that,
because the residence time of the iron droplets depends
on the size of the droplets, the droplets’ size distribution
in the slag is diﬀerent from the size distribution of the
droplets generated by the oxygen jet.
The decarburization rate is inﬂuenced by the reaction
surface between the iron droplets and the slag. In the
previously mentioned studies, it has been shown that
the droplet generation rate and the size distribution of
the generated droplets can adequately be modeled and
depend on the lance height and oxygen blowing rate.
However, the reaction surface between the iron droplets
and the slag depends on the droplet size distribution in
the slag and the number of iron droplets in the slag.
Both not only depend on the droplet generation rate and
the size distribution of the generated droplets, but they
also highly depend on the residence time of each the iron
droplets. Moreover, while the iron droplets are in the
slag, they react and the concentration of carbon in the
iron droplets diminishes. The carbon concentration in
the iron droplets is therefore not necessarily equal to the
carbon concentration in the steel bath.
Thus, many eﬀects play a role in how the lance height
and oxygen blowing rate aﬀect the decarburization rate.
As a ﬁrst approach, these eﬀects are modeled using a
simple empirical relationship:
k0 ¼ aþ bVO2  cHlance ½10
where a, b, and c are model constants, VO2 is the oxygen
blowing rate, and Hlance is the lance height. Equation
[10] is only valid for a limited range of lance heights and
oxygen blowing rates, which are typical during main
blow.
In contrast to what the calculation of the accumula-
tion rate of oxygen in Eq. [2] suggests, the added iron
ore cannot react immediately. Instead, the temperature
of the iron ore needs to increase before it can dissolve.
This heatup period is modeled as a time lag. Because this
time lag is not incorporated in the calculation of the
measured accumulation rate of oxygen (Eq. [2]), it is
also not shown in the measured step response of the
accumulation rate of oxygen to a step change in the iron
ore addition rate in Figure 1. This explains why the
measured step response in the decarburization rate
hardly changes in the ﬁrst 60 seconds, while the mea-
sured step response in the accumulation rate of oxygen
in the converter changes signiﬁcantly during this period.
Because the iron ore is added as lumps, the dissolu-
tion rate of iron ore is not uniform. The blown oxygen
ﬁrst has to react to iron oxide before it can react with
carbon. When the oxygen blowing rate changes, it will
take some time before the iron oxide content of the bath
changes accordingly. Similarly, when the lance height
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and oxygen blowing rate are changed, it will take some
time before the mass of droplets in the slag is changed
accordingly. Therefore, an averaged iron ore addition
rate, oxygen blowing rate, and lance height are used as




The measured step responses can be simulated using
the model presented in Section III. The initial values of
variables in the model and the size of steps are similar to
those typical during the main blow. The activation
energy and initial iron oxide concentration were selected
in such a way that, at stationary input conditions, the
decarburization rate and accumulation rate of oxygen
remain more or less constant. The constants a, b, and c
and the delay and the size of averaging windows were
adjusted to ﬁt the model to measurement results.
The measured and modeled step responses to an
increase in oxygen blowing rate, an increase and a
decrease in lance height, and the start and stop of an ore
addition are shown in Figures 2 through 4. In these
ﬁgures, the step changes occurred at t = 10 seconds. In
Figure 2, it can be seen that the modeled and measured
step responses to an increase in oxygen blowing rate
correspond well. At 10 seconds the oxygen blowing rate
is increased. At this moment, the increased oxygen input
causes an increase of the iron oxide content in the slag
(Eq. [5]). This can be seen as the initial small and brief
increase in the accumulation rate of oxygen. The
increase in oxygen blowing rate also increases the
amount of iron droplets formed (Eq. [10]), thereby
increasing the decarburization rate (Eq. [9]). The
increase in decarburization rate decreases the iron oxide
content in the slag (Eq. [5]). The increase in decarbu-
rization rate and the decrease in iron oxide content can
both be seen in Figure 2 between 10 and 70 seconds. At
around 70 seconds, the mass of iron droplets in the slag
no longer increases and has reached a stable level. At
this point, the decreased iron oxide concentration in the
slag reduces the decarburization rate (Eq. [9] until a
decarburization rate is reached (at around 130 seconds))
at which oxygen consumption again matches the oxygen
supply. In Figure 3, it can be seen that the modeled and
measured step responses to an increase and a decrease in
lance height correspond well.
At 10 seconds, the lance height is increased. The
increase in lance height causes a decrease in the mass of
iron droplets formed (Eq. [10]), which in turn decreases
the decarburization rate (Eq. [9]) and consequently
increases the iron oxide content of the bath (Eq. [5]).
The decrease in the decarburization rate and the increase
in the accumulation rate of oxygen can both be seen in
Figure 3 between 10 and 70 seconds. At around 70 sec-
onds, the mass of iron droplets in the slag no longer
diminishes. At this point, the increased iron oxide
concentration in the slag increases the decarburization
rate (Eq. [9]) until oxygen consumption matches the
oxygen supply. The step response to a decrease in lance
height can be explained in a similar manner. In Figure 4,
it can be seen that the modeled and measured step
responses to the start or stop of an iron ore addition
correspond reasonably well.
At 10 seconds, an ore addition is started. Initially, the
temperature of the iron ore increases and there is no eﬀect
of the ore addition on the decarburization rate, as can
been seen in Figure 4. (There is an eﬀect on the accumu-
lation rate of oxygen during this period. This is because
the delay caused by the heating period is not considered in
calculating the measured accumulation rate of oxygen in
Eq. [2].) Then, at around 60 seconds, the ore starts to
dissolve and it increases the iron oxide content in the slag
(Eq. [5]). The increased iron oxide content causes an
increase in the decarburization rate (Eq. [9]), which can be
seen in Figure 4. The step response to the stop of ore
addition can be explained in a similar manner. The
diﬀerence between the model and experiment for the stop
of an iron ore addition is larger. Other dynamic eﬀects



















































Fig. 2—Modeled and measured inﬂuence of an increase in the oxy-

























































Fig. 3—Modeled and measured inﬂuence of an increase and a
decrease in the lance height on the decarburization rate and the
accumulation rate of oxygen.
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V. CONCLUSIONS
The average normalized step responses to step
changes in lance height, oxygen blowing rate, and
addition rate of iron ore during main blow were
determined in a data set containing 1006 batches. These
step responses were satisfactorily simulated using a
process model consisting of an iron oxide and a carbon
balance and an additional equation describing the
inﬂuence of the lance height and oxygen blowing rate
on the amount of iron droplets in the slag and thereby
on the decarburization rate.
It was found that an increase in the oxygen blowing
rate and the iron ore addition rate causes an increase in
the decarburization rate. Both step changes increase the
oxygen supply to the converter. This increased oxygen
supply is eventually matched by an equal increase in
oxygen consumption and thus in an increase in the
decarburization rate.
In addition it was found that a decrease in lance height
and an increase in oxygen blowing rate both cause a
temporary (additional) increase in the decarburization
rate. It is known that both the lance height and oxygen
blowing rate inﬂuence the amount of iron droplet formed
due to jet impact. A decrease in lance height and an
increase in oxygen blowing rate both increase the
amount of iron droplets in the slag. Because part of the
decarburization reaction takes place between these iron
droplets and the slag, the increase in reaction surface
between the iron droplets and the slag causes an increase
in decarburization rate. The increased decarburization
rate diminishes the iron oxide concentration in the slag,
which in turn again decreases the decarburization rate.
It was also found that a step change in the iron ore
addition rate does not have an immediate eﬀect on the
decarburization rate. The delay ismost likely caused by the
time needed to increase the temperature of the iron ore.
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TABLE OF SYMBOLS
A constant (mol/s)
A frequency factor (L/s)
b constant (—)
c constant (mol/ms)
C carbon content of steel (mol)
Creaction carbon used in reactions (mol)
[C] carbon concentration (mol/m3)
[C*] carbon concentration (mol/mol)
COwg CO content wastegas (mol/mol)
CO2,wg CO2 content wastegas (mol/mol)
Ea activation energy (J/mol)
FeO iron oxide in converter (mol)
FeOaddition iron oxide from additions (mol)
FeOlance iron oxide from lance (mol)
[FeO] iron oxide concentration (mol/m3)
[FeO*] iron oxide concentration (mol/mol)
Hlance lance height (m)
k0 reaction rate constant (mol/s)
O oxygen content converter (mol)
Oaddition oxygen from additions (mol)
Oair oxygen from air (mol)
Olance oxygen from oxygen lance (mol)
Owg oxygen in waste gas (mol)
pCO2 CO2 ratio in waste gasses (mol/mol)
R gas constant (J/Kmol)
T steel temperature (K)
VM molair volume (m
3/mol)
Vsteel steel volume (m
3)
VO2 oxygen blowing rate (mol/s)
/wg ﬂow rate waste gas (m
3/s)
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Fig. 4—Modeled and measured inﬂuence of an increase and a
decrease in iron ore addition rate on decarburization rate and
accumulation rate of oxygen.
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